Abstract-In this paper, a cooperative diffusion-based molecular communication system is considered where distributed receivers collaboratively determine a transmitter's signal. In this system, the receivers first make local hard decisions about the current transmitted bit and then report these decisions to a fusion center (FC). The FC combines the local hard decisions to make a global decision using an N -out-of-K fusion rule. Asymmetric and symmetric topologies are considered and for each topology, two reporting scenarios, namely, perfect reporting and noisy reporting, are addressed. Closed-form analytical expressions for the expected global error probability are derived for all considered topologies and scenarios. Numerical and simulation results show that system reliability can be greatly improved by combining the detection information of distributed receivers.
I. INTRODUCTION
Over the past decades there have been considerable advancements in designing and engineering nanoscale (< 0.1µm) and microscale (0.1 to 100µm) devices. These devices can be interconnected to execute complex tasks, e.g., intra-body drug delivery, in a cooperative manner. The resulting network, i.e., nanonetwork, is envisaged to expand the capabilities of single devices by allowing them to exchange information and interact with each other. Molecular communication (MC) has been acknowledged as one of the most promising solutions to the problem of communication in bio-inspired nanonetworks, due to its unique potential benefits of bio-compatibility and low energy consumption [1] . In MC, the information transmission between devices is realized through the exchange of molecules [2] . The simplest molecular propagation mechanism is free diffusion, where the information-carrying molecules can propagate from the transmitter to the receiver via the Brownian motion. Therefore, no external energy is required for diffusionbased propagation.
One of the primary challenges posed by diffusion-based MC is that its reliability quickly decreases when the distance between transceivers increases. In order to boost its reliability, one approach that can be adapted from conventional wireless communications is where multiple receivers sharing common information are used. It is indeed often in biological environments that small-scale devices or organisms share common information (e.g., odor, flavor, location, and chemical state) to achieve a specific task [3] . For example, in the application of drug delivery, one nanoscale device that arrives at a target site (e.g., tumor cells) broadcasts the location of that target site. Other nanoscale devices are then recruited to the target site, thereby enhancing the targeting efficacy [4] . Another example where organisms share common information is the cooperation in a functional unit of an actin filament. The functional unit consists of one troponin, one tropomyosin, and seven actin monomers. When the troponin responds to changes in the calcium concentration of the medium, the response is propagated to all seven actin monomers. The actin monomers then form "rigor complexes" with tropomyosin and troponin binds calcium with greater affinity [5] .
The majority of existing MC studies in the literature has focused on the modeling of a single MC link. Built upon these studies, some papers such as [6] [7] [8] [9] [10] have investigated multiple-receiver MC systems. However, the active cooperation between multiple receivers to determine the transmitter's signal has not been considered in the literature. In [6] , the model of a molecular broadcast channel where a single transmitter transmits molecular information to multiple receivers was developed and the capacity of this channel was analyzed. In [7] , simulations were performed to demonstrate the feasibility of a bacterium-based bionanosensor network where bacterium-based bionanomachines collectively perform target detection and tracking. The authors of [8] studied the communication process between two populations of bacteria through a diffusion channel. Considering the communication between a group of transmitters and a group of receivers, [9] optimized the transmission rate at each transmitter. Very recently, the authors of [10] designed a multiple-input multipleoutput MC system and characterized the inter-symbol and inter-link interference in such a system.
In other fields of communications, e.g., wireless communications, cooperation among multiple distributed detectors has been extensively studied to reveal its benefits in detection performance improvement. For example, in cooperative spectrum sensing, multiple secondary users share sensing data to improve the detection quality of a primary user [11] . Generally, in a distributed detection system, the data of the individual detectors is shared with a fusion center where the received information is appropriately combined to yield a global inference [12] . This data may be hard decisions, soft decisions (multi-level decisions instead of binary decisions), or quantized observations. We note that MC is a suitable domain to apply distributed detection to improve reliability, but this has not yet been studied.
In this paper, we consider a cooperative diffusion-based MC system in which multiple receivers collaboratively detect a transmitter's bit sequence. This is the first attempt to apply cooperation via distributed detection in the MC domain. Our goal is to demonstrate the increase in reliability by distributing resources over multiple receivers. In our considered system, individual receivers make local hard decisions about each transmitted bit and then report these decisions to a fusion center. The fusion center fuses all local hard decisions to make a global decision using an N -out-of-K fusion rule. We also consider asymmetric and symmetric topologies for the system. For each topology, we consider two different reporting scenarios, namely, perfect reporting and noisy reporting. For both reporting scenarios, we derive closed-form analytical expressions for the expected global error probabilities. Using numerical and simulation results, we demonstrate that our analytical expressions are accurate and the error performance of our considered system is significantly better than the point-topoint link which consists of one transmitter and one receiver.
II. SYSTEM MODEL
We consider a cooperative MC system in a threedimensional space, as illustrated in Fig. 1 , which consists of one transmitter (TX), a "cluster" of K receivers (RXs), and one device acting as a fusion center (FC). We clarify that the FC is not included in the set of RXs. We assume that the TX, RXs, and FC are in the nanoscale to microscale dimensions. We also assume that all RXs and the FC are spherical observers. The volume of the kth RX, RX k , where k ∈ {1, 2, . . . , K}, and the FC are denoted by V RX k and V FC , respectively, and radius of the RX k and the FC are denoted by r RX k and r FC , respectively. We further assume that the RXs and the FC are independent passive observers such that molecules can diffuse through them without reacting.
The TX, RXs, and FC in our considered system communicate in three phases. In the first phase, the TX transmits information via type A 0 molecules to the RXs through the diffusive channel. The number of released type A 0 molecules is denoted by S 0 . We assume that the movement of different types of molecules is independent, and the movement of individual molecules of the same type is also independent. The type A 0 molecules transmitted by the TX are detected by all RXs. In this work we consider that the TX uses ON/OFF key modulation [13] to convey information, i.e., the TX releases S 0 molecules of type A 0 to convey information bit "1", and releases no molecules to convey information bit "0". To enable the ON/OFF key modulation, the information transmitted by the TX is encoded into a binary sequence of length L, denoted by
, j ∈ {1, . . . , L}, is the jth bit transmitted by the TX. We assume that the probability of transmitting "1" in the jth bit is P 1 and the probability of transmitting "0" in the jth bit is 1 − P 1 , such that Pr(W TX [j] = 1) = P 1 and Pr(W TX [j] = 0) = 1 − P 1 , where Pr(·) denotes probability.
In the second phase, each RX makes a local hard decision on each transmitted bit. We denoteŴ RX k [j] as the local hard decision on the jth transmitted bit at RX k . Then, the RXs simultaneously report their local hard decisions to the FC. We assume that RX k transmits type A k molecules, which can be detected by the FC. 1 The number of released type A k molecules is denoted by S k . We also assume that the channel between each RX and the FC is diffusion-based, and each RX uses ON/OFF key modulation [13] to report its local hard decision. For example, if the local hard decision at RX k is bit "1", RX k releases S k molecules of type A k to report it to the FC; otherwise, RX k releases no molecules.
In the final phase, the FC obtains the decision at RX k by receiving type A k molecules over the RX k − FC link. It is assumed that the K RX k − FC links are independent. We denoteŴ FC k [j] as the received local decision of RX k on the jth transmitted bit at the FC. The FC combines allŴ FC k [j] using an N -out-of-K fusion rule to make a global decision W FC [j] on the jth bit transmitted by the TX. According to the N -out-of-K fusion rule, the FC declares a global decision of "1" when it receives at least N decisions of "1". There are several special cases of the N -out-of-K fusion rule: 1) The majority decision rule where N = ⌈K/2⌉ and ⌈x⌉ represents the smallest integer greater than or equal to x, 2) The OR rule where N = 1, and 3) The AND rule where N = K. We clarify that we do not consider the reporting of the FC's global decision back to the RXs. To simplify the notation, we define W
} as a subsequence of the global decisions at the FC.
We denote t trans as the transmission interval time from the TX to the RXs and t report as the report interval time from the RXs to the FC. As such, the bit interval time from the TX to the FC is given by T = t trans + t report . At the beginning of the jth bit interval, (j − 1)T , the TX transmits W TX [j] . After this the TX keeps silent until the end of the jth bit interval. We assume that the weighted sum detector [14] is adopted at the RXs and FC for detection. Thus, the RXs and FC each take multiple samples equally spaced in their corresponding interval time, add the individual samples with a certain weight for each sample, and compare the summation with a decision threshold. The detection threshold at RX k and FC are denoted by ξ RX k and ξ FC , respectively. We assume equal weights for all samples to decrease the computational complexity of the detector and facilitate its usage in MC.
We now detail the sampling schedules of the RXs and FC. Each RX takes M RX samples in each bit interval at the same time. The time of the mth sample for each RX in the jth bit interval is given by t RX (j, m) = (j −1)T +m∆t RX , where ∆t RX is the time step between two successive samples at each RX, m ∈ {1, 2, . . . , M RX }, and M RX ∆t RX < t trans . We consider that the RXs operate in half-duplex mode, where they do not receive the information and report their local decisions at the same time. Specifically, at the time (j − 1)T + t trans , each RX reports its local decision for the jth interval via diffusion to the FC. We assume that the FC is able to simultaneously and independently detect the different types of molecules from all RXs (as in [3] ) and it takes M FC samples of each type of molecule in every reporting interval. The time of themth sample of type A k molecules at the FC in the jth bit interval is given by t FC (j,m) = (j − 1)T + t trans +m∆t FC , where ∆t FC is the time step between two successive samples at the FC and m ∈ {1, 2, . . . , M FC }.
III. ERROR PERFORMANCE ANALYSIS OF COOPERATIVE MC SYSTEMS
In this section, we first establish some fundamental preliminary results to facilitate the error performance analysis of the cooperative MC system. Using the preliminary results, we then analyze the expected global error probability of the cooperative MC system.
A. Fundamental Preliminaries
In this subsection we examine the expected error probabilities of the TX − RX k link and the TX − RX k − FC link. This examination is based on the analytical methods presented in [15] .
We first focus on the TX − RX k link. Given independent molecular behavior and the fact that the RXs are sufficiently far from the TX, we use [16, Eq. (20) ] to evaluate the probability of observing a given type A 0 molecule, emitted from the TX at t = 0, inside V RX k at time t. Such a probability is given by [j] as the number of molecules observed within V RX k in the jth bit interval due to the emission of molecules from the current and previous bit intervals at the
[j] can be accurately approximated by a Poisson random variable with the mean given bȳ
Then, the decision at RX k in the jth bit interval is given bŷ
Moreover, based on [15, Eq. (9)], the expected miss detection probability for given W j−1 TX in the jth bit interval 2 of the TX− RX k link is written as (4) and the corresponding expected false alarm probability is written as
2) TX − RX k − FC Link: Next, we focus on the TX − RX k − FC link. We clarify that, due to the FC's intended proximity to RX k , we cannot use (1) to evaluate the probability of observing a given A k molecule, emitted from the RX k at t = 0, inside V FC at time t, which is denoted by P
Instead, we apply [16, Eq. (27) ] to derive P (14)], the expected miss detection probability for given W j−1 TX in the jth bit interval of the TX − RX k − FC link is derived as
and the corresponding expected false alarm probability is derived as
B. Error Performance Analysis
In this subsection, we analyze the expected global error probability of the cooperative MC system. We assume that W j−1 TX is given and there is no a priori knowledge of W TX [j] . As such, the expected global error probability in the jth bit interval, Q FC [j], is written as
where Q md [j] and Q fa [j] are the expected global miss detection probability in the jth bit interval and the expected global false alarm probability in the jth bit interval, respectively. The expected average global error probability, Q FC , is obtained by averaging Q FC [j] over all possible realizations of W j−1 TX and across all bit intervals.
In the following, we evaluate Q md [j] and Q fa [j] for the asymmetric and symmetric topologies. In the asymmetric topology, the distances between the TX and the RXs are nonidentical and/or the distances between the RXs and the FC are non-identical. In the symmetric topology, the distances between the TX and the RXs are identical and the distances between the RXs and the FC are also identical. For each topology, we consider two different reporting scenarios, namely, perfect reporting and noisy reporting. In the perfect reporting scenario, we assume that no error occurs when RX k reports to the FC, i.e.,Ŵ FC k [j] =Ŵ RX k [j]. In the noisy reporting scenario, we take into consideration the errors in the reporting from RX k to the FC due to diffusion. In addition, we clarify that the bit interval time, the number of molecules for bit "1" released by the TX, and the sampling schedules of the RXs and the FC are the same in the perfect and noisy reporting scenarios.
1) Asymmetric Topology:
In the asymmetric topology, the RXs have independent and non-identically distributed observations. Thus, in order to evaluate Q md [j] and Q fa [j] for given W j−1 TX , we need to evaluate the expected miss detection probabilities and the expected false alarm probabilities of the TX−RX k and TX−RX k −FC links for each RX, i.e., P md,
We first consider the perfect reporting scenario. Since no error occurs when RX k reports to the FC, we use P md,k [j] and P fa,k [j], given by (4) and (5), respectively, to evaluate Q md [j] and Q fa [j] . To facilitate this evaluation for the N -out-of-K fusion rule, we first define a set R which includes K RXs. As such, there are K n subsets of n RXs that can be taken from K RXs, where N ≤ n ≤ K. We then denote A q as one such subset and R \ A q as the set containing the remaining K − n RXs, where q ∈ 1, 2, . . . , K n . Therefore, we derive
(10) and
respectively. For the OR rule, we obtain Q md [j] and Q fa [j] as
and
respectively. For the AND rule, we obtain Q md [j] and Q fa [j] as
respectively. We highlight that the expressions derived in (10)- (15) are in closed form.
In the noisy reporting scenario, we consider errors in the reporting from RX k to the FC due to diffusion. As such, we useP md,k [j] andP fa,k [j], given by (7) and (8) 2) Symmetric Topology: In the symmetric topology, RXs have independent and identically distributed observations. Thus, for the TX − RX k link, we write
Again, let us first consider the perfect reporting scenario. For the N -out-of-K fusion rule, Q md [j] and Q fa [j] are simplified as
respectively. For the OR rule, Q md [j] and Q f [j] are simplified as
respectively. For the AND rule, Q md [j] and Q fa [j] are simplified as
respectively. Furthermore, we focus on the noisy reporting scenario for the symmetric topology. In this scenario, we obtain Q md 
IV. NUMERICAL RESULTS AND SIMULATIONS
In this section, we present numerical and simulation results to examine the error performance of the considered cooperative MC system. In this examination we use a particle-based stochastic simulator. We list all the environmental parameters adopted in the examination in Table I and keep them fixed throughout this section. The only parameters that we vary are the detection threshold at RX k , ξ RX k , the detection threshold at the FC, ξ FC , and the number of RXs, K.
In the following, we assume that the TX releases S 0 = 10000 molecules for information bit "1" and the total number of molecules released by all RXs for bit "1" is fixed at 1000, i.e., each RX releases S k = 1000/K molecules to report its decision of bit "1". Moreover, in Figs. 2-5 we consider a symmetric topology that consists of at most six RXs. The specific locations of the TX, RXs, and FC in the symmetric topology are listed in Table II . Furthermore, in Figs. 2-5 we consider the same detection threshold at the RXs such that ξ RX i = ξ RX , ∀i. In Fig. 6 we consider an asymmetric topology that consists of three RXs. The specific locations of the TX, RXs, and FC in the asymmetric topology are listed in Table III . We compare the error performance of the considered cooperative MC system with that of two point-to-point links, in order to show the performance advantage of the investigated fusion rules. The first point-to-point link is a single TX − RX link, referred to as the baseline case in this section, where only one RX exists but no FC exists. The second point-topoint link is the direct link between the TX and the FC. In the baseline case, the RX is located at (2 µm, 0.6 µm, 0). In the direct TX − FC link, the FC is located at (2 µm, 0, 0). We assume that in both point-to-point links the TX releases 11000 molecules, the time step between two successive samples is 100 µs, and the bit interval time is T = 1.1 ms. As such, we consider that the total number of molecules, the distance away from the TX, and the bit interval time for the point-to-point links are the same as those for the cooperative MC system listed in Table I , ensuring the fairness of the comparison.
In Fig. 2 , we consider the perfect reporting scenario and plot the average global error probability of a three-RX cooperative system, i.e., K = 3, versus the detection threshold at the RXs for the AND rule, OR rule, and majority rule with N = 2. We see that the three-RX system outperforms the baseline case for all fusion rules. We also see that the majority rule outperforms the OR rule and the OR rule outperforms the AND rule at their corresponding optimal detection thresholds. Furthermore, we consider the performance of a simple soft fusion scheme as a performance bound on our considered system. In this scheme the observation at the FC is equal to the summation of the observations at all RXs, rather than their local hard decisions. We find that this scheme has an improved error performance over the AND, OR, and majority rules. This is due to the fact that the three fusion rules are hard fusion schemes where the global decision at the FC is made by integrating local hard decisions made by RXs. We also note that this finding is consistent with the conclusion of distributed detection in other fields of communications, e.g., [17] .
In Fig. 3 , we consider the noisy reporting scenario. We plot the expected average global error probability of a two-RX cooperative system, i.e., K = 2, versus the detection threshold at the RXs and the detection threshold at the FC for the OR rule. We clearly observe that both ξ RX and ξ FC affect Q FC . Notably, figures such as this one enable us to numerically find the optimal detection thresholds at the RXs and FC that minimize Q FC . We denote Q * FC as the minimum Q FC . We clarify from Fig. 3 that Q * FC = 6.3 × 10 −3 when ξ RX = 10 and ξ FC = 7. Considering the same parameters, in Fig. 4 we plot the average global error probability versus the detection threshold at the RXs for different detection thresholds at the FC. We see that there exists an optimal ξ RX that minimizes Q FC for a given ξ FC . We further provide the simulation results in Fig. 4 , based on which we confirm the accuracy of our expected results.
In Fig. 5 , we consider the noisy reporting scenario and plot the average global error probability versus the number of cooperative RXs for the AND, OR, and majority rules. This figure highlights the performance advantage of the three fusion rules relative to 1) the baseline case (i.e., TX-RX link) with K = 1 and 2) the direct TX-FC link. Here, we clarify that in this figure, the total number of molecules released by all RXs for information bit "1" is fixed for different K. We also clarify that in this figure the value of Q * FC for each K is the minimum Q FC achieved by numerically optimizing ξ RX and ξ FC , e.g., as in Fig. 3 for K = 2 and the OR rule. In Fig. 5 , we observe that the system error performance profoundly improves as K increases. This is due to the fact that an increasing number of cooperative RXs provide more independent observations of the information bit transmitted by the TX. With the aid of more observations, the probability that all RXs fail to detect the transmitted bit is reduced. We highlight that this observation is consistent with distributed detection in spectrum sensing, e.g., [11] . We also observe from Fig. 5 that, for the same number of RXs, the majority rule outperforms the OR rule and the OR rule outperforms the AND rule. This observation is consistent with that in the perfect reporting scenario in Fig. 2 . We further observe that the cooperative MC system outperforms the TX-RX and TX-FC links for all fusion rules, although the distance of the TX-RX and TX-FC links are shorter than that of the system. In addition, we observe that the rate of error performance improvement decreases when K increases, especially for the AND rule. This is due to the constraint on the total number of molecules, which means that the number of molecules released by each RX decreases for increasing K. It follows that the reporting from the RXs to the FC becomes increasingly unreliable. In Fig. 6 , we consider a three-RX cooperative system, i.e., K = 3, with the asymmetric topology in the noisy reporting scenario. We plot the average global error probability versus the detection threshold at the FC for the AND, OR, and majority rules. Given that the number of molecules transmitted by the TX is S 0 = 10000, in this figure we consider the optimal threshold at each RX, i.e., ξ RX 1 = 6, ξ RX 2 = 8, and ξ RX3 = 11. The figure shows that the majority rule outperforms the OR rule and the OR rule outperforms the AND rule at their optimal detection thresholds. This phenomenon is consistent with that in the perfect reporting scenario in Fig. 2 and that in the noisy reporting scenario in Fig. 5 . Moreover, we notice that the OR rule outperforms the majority rule and the AND rule when ξ FC ≥ 8, which is consistent with that in the perfect reporting scenario in Fig. 2 . This phenomenon can be explained by the fact that the FC has a lower likelihood to receive an RX's decision of "1" when ξ FC becomes higher. It follows that the OR rule has the best performance among the three fusion rules when ξ FC is relatively large.
V. CONCLUSIONS
In this paper, we considered a cooperative diffusion-based MC system in which distributed receivers collaboratively determine a transmitter's signal with the aid of a fusion center. For perfect and noisy reporting scenarios, we derived closedform analytical expressions for the expected global error probability of the system. Our numerical and simulation results showed that the system reliability can be significantly enhanced by combining the detection information of distributed receivers, even when the total number of transmitted molecules is limited. In our future work, we will consider the use of the same type of molecule at each receiver and perform a comprehensive analysis for soft fusion schemes.
